INTRODUCTION
There are many parallels between the regulated gene expression of procaryotes and eucaryotes. Because of their simpler genome structures, the former systems have been extensively studied at both the molecular and biochemical levels. Recently many procaryotic functions have been adapted as tools to study eucaryotic gene expression (i.e. cat (1) and lacL (2) as reporter genes; neo (3), trp and his (4) as selectible marker genes; Lex A (5) and Lad repressor (6) as DNA-binding proteins). In this report we have adapted a bacteriophage RNA operator and its repressor protein for function in mammalian cells. This procaryotic regulatory system was used to modulate HTV-1 LTRdirected reporter gene expression.
In the life cycle of retroviruses many important events such as reverse transcription and packaging of viral RNA genomes are mediated by specific interactions between proteins and viral RNAs (reviewed in 7) . In addition to these general retroviral processes, the HTV-1 and HTV-2 viruses encode novel regulatory proteins (Tat, Rev) that modulate gene expression through viral RNA targets (reviewed in 8). Tat, for instance, stimulates the synthesis of viral transcripts through the TAR RNA element (9, 10) . Many approaches have been used to study Tat-TAR interactions (11 -19) . One additional route in understanding this type of RNA-dependent mechanism, aiming ultimately to create interference, is to introduce into retroviral genomes heterologous RNA motifs that can be recognized by binding protein(s).
The bacteriophage MS2 coat protein is a translational repressor of the replicase gene (20) . MS2 coat binds to an RNA hairpin structure containing the replicase initiation codon (21 -23) . This complex has been extensively studied for its sequence specificity (24) (25) (26) . The RNA target, termed the translational operator ( Fig.  1) , is only 19 nucleotides in length and forms a characteristic stem-loop structure that is essential for function (25, 27, 28) . While the identities of nucleotides in the single-stranded loop and bulge domains are important for protein binding, the exact sequence of the basepaired stem is not (25) . The wild-type operator binds with high affinity (K d = 3 nM) and high specificity (K sp ccif K /K n onspecir l c=10 6 ) to the MS2 coat (22, 29) . These properties should permit for the selective formation of this complex within eucaryotic cells. Here, we demonstrate a functional interaction of bacteriophage MS2 coat protein with a hybrid MS2 operator/HTV-1 leader RNA within mammalian cells. When we placed the phage RNA target into the R region of HIV-1, we found that LTR-directed gene expression was inhibited by co-expression of the phage protein.
MATERIALS AND METHODS

Plasmid Constructions
Plasmid pLTR-CAT is as previously described (10) . It contains the complete HIV-1 LTR U3 region upstream, and the cat reporter gene downstream of TAR. pLTR(S-10)-CAT was made from pLTR-CAT (30) and contains an Xhol restriction site at position -9. MS-TAR and MSA-TAR were generated by ligating synthetic double-stranded DNA oligomers between the Xhol (-9) and BglU ( +19) sites in pLTR(S-10)-CAT. TAR-MS and TAR-MSA were made using the unique Sacl (+33) and HinaTR (+77) sites in pLTR-CAT. The complete sequence of these MS inserts is provided in Figure 1A . pSVtat contains a full-length cDNA of Tat (strain SF2) under the transcriptional control of the SV40 early promoter (31) .
The pMS vectors contain the complete coat gene (MS2 coordinates 1335-1725, ref. 28) coupled to the pSRa promoter (32) . First, we removed the initiation region of the coat gene (Xbal-SaR 1303-1365) and replaced it by synthetic DNA (Fig.  3B ) containing a 5' HindUl site. Subsequently, the MS2 gene was inserted as a HindUl-Nael fragment (1324-1733) into the pSRa plasmid. We note that these constructs do not include the MS2 operator region (1746-1764). All mutations were verified by sequencing.
Cell Culture, Transfection, and RNA and Protein Analysis COS cells were maintained in Dulbecco's minimal medium containing 10% fetal bovine serum. Transfections were carried out with DEAE-dextran (400 /*g/ml) in the presence of chloroquine (100 /ig/ml) and Nu-serum. RNA isolation and primer extension analysis were performed as described (30) . CAT assays were analyzed either by thin layer chromatography (1) or the phase-extraction method (33) . For immunoprecipitation of MS2 coat protein, 100 mm dishes of transiently transfected COS cells were metabolically labeled for 5 hr at 37 °C with 2 ml of methionine/cysteine-deficient DME medium that was supplemented with ( 35 S) methionine and ( 35 S) cysteine (300 /*Ci each). Cells were lysed at 4°C in 1 ml IPB buffer (50 mM Tris-HC1 (pH8.0), 150 mM NaCl, 1 % Nonidet P^0, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride). The lysate was centrifuged for 10 min at 10,000 rpm in an Eppendorf centrifuge and precleared by subsequent incubations with Staphylococcus aureus (lx) and pre-immune rabbit serum coupled to protein A Sepharose beads (3 x). Beads with the specific serum were added and incubated for 1 hr at 4°C. Beads were collected by centrifugation and washed four times in IPB buffer. Proteins were solubilized in SDS sample buffer and subjected to electrophoresis in 15% slab gels.
RESULTS AND DISCUSSION
We designed a procaryotic RNA-protein ensemble to modulate HTV-1 LTR function. To do this, the MS2 hairpin operator (MS operator, Fig. 1 ) was positioned either 5' or 3' to the TAR RNA sequence (Fig. 1) . To increase the propensity for the small operator secondary structure to form in the context of the larger HTV-1 transcript, we used a variant operator sequence that included two G-C basepairs at the bottom of the stem ( A). This mutant MSA target is known to associate with the coat protein at a 100-fold lower affinity (24) . The proximal presence of the MS sequence to the transcriptional initiation site could directly interfere with either the initiation of transcription or the translation of the hybrid RNA. To verify these two possibilities, we analyzed both RNA ( Fig.  2A) and protein (Fig. 2B ) synthesized from these plasmids upon transfection into COS cells with a second plasmid encoding Tat. Using primer extension analysis ( Fig. 2A) , we found that the transcriptional initiation sites used by each construct corresponded to the +1 nucleotide of HTV-1 (Fig. 1A) . The wild-type transcript produced a 162-nucleotide primer extension product (Fig. 2A,  lanes 3 and 6) , whereas the addition of MS sequences in MS-TAR and MSA-TAR resulted in a 14-nucleotide longer cDNA product (176 nucleotides, lanes 4 and 5). Both constructs used additional heterogeneous start sites for transcription (G~', G +1 and G +2 ) compared to the wild-type HTV-1 plasmid (Fig. 2A,  lanes 4 and 5 compared to lane 3) . The TAR-MS and TAR-MSA transcripts are 3 nucleotides shorter than the wild-type (Fig. 1A) and as expected produced a 159-nucleotide cDNA (lanes 7 and 8). Normalized against a transfected internal control (the 143-nucleotide band; Fig. 2A, lanes 3-8) , the TAR-MS and TAR-MSA constructs produced slightly less RNA than pLTR-CAT ( Fig. 2A, compare lanes 7 and 8 to lane 6) . Apparently, introduction of the MS2 operator into the stem of TAR hairpin (Fig. IB, TAR-MS) marginally affected the function of TAR. However, these transcript were fully competent for producing protein as quantitated by CAT enzyme activities (Fig. 2B) . Thus neither the MS nor the MSA sequence interfered directly with the translation of the HTV-1 transcript.
MS2 operator
To supply the MS2 coat protein in trans, we constructed several eucaryotic expression plasmids. The MS2 coat protein gene contains the appropriate signals for expression in bacteria (23, 28, 34, 35) . A Shine-Dalgamo sequence (GGAG) is normally found just upstream of the initiation codon (Fig. 3B) . To allow for efficient expression in mammalian cells, we changed the sequence context surrounding the initiation codon into the eucaryotic consensus sequence CCACCAUGG (36) . This modified MS2 gene was inserted downstream of the SRa promoter (32) to generate plasmid pMS-C. To verify coat protein synthesis, pMS-C was transfected into COS cells. Two days posttransfection ( precipitated by pre-immune serum (Fig. 3A, lane 1) , was specifically recognized by both antisera (lanes 3 and 7) . The observed molecular weight is identical to that seen in bacteria, suggesting no post-translational modifications. A control plasmid, pMS-D (Fig. 3B) , containing a single nucleotide deletion in the sixth codon of the coat gene was also tested. Translation products from this frame-shifted sequence should show an early termination. This is consistent with the absence of detectable coat protein in transfected COS cells (Fig. 3A, lanes 2 and 6) . We also constructed a third plasmid, pMS-I, which contained an inphase duplication of the coat initiation region. This plasmid apparently produced no more coat protein than pMS-C (Fig. 3A , lanes 4 and 8).
To interfere with transcription and/or RNA processing, one would like to maximally target the coat protein to the nucleus. For this purpose, we constructed pMS-N (Fig. 3B ) which contains the nuclear localization signal of Tat (37) (38) (39) (40) . This protein has six additional amino acids and thus has a slower migration on SDS-PAGE (N-coat, Fig. 3A , lanes 5 and 9). We found the 16 kDa N-coat protein to be consistently synthesized in higher amounts than its wild-type counterpart. It is conceivable that this nuclear targeting of N-coat conferred added stability. The two MS2 coat proteins were functionally assayed in cotransfection experiments. Three different MS/TAR hybrids were transfected with a Tat-producing vector and either the frameshifted plasmid pMS-D or the coat-producing plasmids pMS-C or pMS-N. Cells were harvested two days after transfection and CAT expression was measured (Fig. 4) . We found that both coat proteins inhibited CAT synthesis from the MS-TAR and TAR-MS plasmids, but no repression was seen with constructs carrying the mutant MSA operator. pMS-N compared to pMS-C was slightly more efficient, probably because more nuclear N-coat protein was made (Fig. 3A) . Repression was more effective with the operator in the 5' position (Fig. 4 , compare MS-TAR to TAR-MS). These results suggest that the presence of a MS2 RNAprotein complex positioned upstream of TAR optimally blocked expression.
This study explores the use of a procaryotic RNA-binding protein to modulate eucaryotic gene expression. Because of its well-characterized nature, the MS2 coat protein-RNA operator combination represents an attractive candidate. Through plasmid co-transfections, we have demonstrated that the MS2 coat can be stably expressed in reasonable quantity in mammalian cells (Fig. 3) . Within the context of the eucaryotic cell, coat is apparently able to bind to its cognate RNA sequence. This is evidenced by the ability of wild-type (pMS-C, Fig. 4 ), but not mutant coat (pMS-D), to down-regulate expression of MS operator-linked RNA. A point mutation that abolished binding affinity of the operator for coat relieved this repression (MSA-TAR and TAR-MSA, Fig. 4) . Binding of the coat protein to its RNA target could either inhibit translation, consistent with its procaryotic function, or interfere with proper Tat-TAR interaction. Because basal level expression in the absence of Tat is not significantiy inhibited by coat (data not shown), we favor the latter possibility. If this is the case, formation of the coatoperator complex can either directly interfere with Tat-TAR interaction, or sterically hinder protein-protein interactions between Tat and cellular transcription factors.
Recent experiments have demonstrated the utility of crossexpression of procaryotic functions in eucaryotic cells and vice versa. Studies have shown that expression in mammalian cells of bacterial DNA-binding proteins LexA and Lad (5,6) can be used to regulate transcription. Conversely, the eucaryotic DNAbinding proteins Sp-1 (41) and EBNA (42) have been used in a bacterial setting to regulate procaryotic expression. Given that background levels of procaryotic (eucaryotic) proteins are unlikely to be found in eucaryotic (procaryotic) cells, these examples illustrate that ectopic expression of foreign proteins can result in tight specificity of regulation. Our use of MS2 extends this concept to RNA-binding proteins. Because the addition of extra amino acids into the extreme N-terminus of MS2 coat did not destroy its repressor activity (pMS-N, Fig. 4 ), we propose that this protein can also be used to generate fusion proteins that targets to RNA. The growing number of RNA regulatory sequences (HTV-1 and HTV-2 TAR and RRE (8), HTLV-I RxRE (43), histone mRNA (44), transferrin receptor mRNA (45) and others) suggests a need for proteins like MS2 coat as tools to dissect such mechanisms.
Since the completion of this work, Selby and Peterlin (Cell 62, 769-776, 1990 ) have also demonstrated the use of MS2 coat as an RNA binding protein in mammalian cells.
